Polymerase chain reaction (PCR)-based genotyping of oocysts dissected from mosquito midguts has previously been used to investigate overall levels of inbreeding within malaria parasite populations. We present a re-analysis of the population structure of Plasmodium falciparum malaria using diploid genotypes at three antigen-encoding loci in 118 oocysts dissected from 34 mosquitoes. We use these data to ask whether mating is occurring at random within the mosquito midgut, as is generally assumed. We observe a highly significant deficit of heterozygous oocysts within mosquitoes at all three loci, suggesting that fusion of gametes occurs non-randomly in the mosquito gut. A variety of biological explanations, such as interrupted feeding of mosquitoes, positive assortative mating and outcrossing depression, could account for this observation. However, an alternative artefactual explanation -the presence of non-amplifying or null allelescan account for the observed data equally well, without the need to invoke non-random mating. To evaluate this explanation further, we estimate the frequencies of null alleles within the oocyst population using maximum likelihood, by making the assumption that non-amplifying oocysts at any of the three loci are homozygous for null alleles. Observed levels of visible heterozygotes fit closely with those expected under random mating when non-amplifying oocysts are accounted for. Other lines of evidence also support the artefactual explanation. Overall inbreeding coefficients have been recalculated in the light of this analysis, and may be considerably lower than those estimated previously. In conclusion, we suggest that the deficit of heterozygotes observed is unlikely to indicate non-random mating within the mosquito gut and is better explained by misscoring of heterozygotes as homozygotes.
Introduction
The level of inbreeding and the rate at which recombination breaks up associations between genes is critically important for many aspects of malaria parasite biology and has been the subject of intense recent discussion. Inbreeding may influence the persistence of clonal genotypes Hastings & Wedgewood-Oppenheim, 1997) , the maintenance of antigenically distinct ' strains ' (Gupta et al., 1996) , sex measure inbreeding in Plasmodium falciparum populations in Tanzania (Babiker et al., 1994) and Papua New Guinea (PNG) and both studies detected high levels of heterozygote deficit. Overall inbreeding coefficients (F ) were estimated at 0n34 and 0n9 respectively in Tanzania and PNG. It has been suggested that the differences observed are related to levels of malaria transmission in the two locations. In Tanzania infective bites are common (Smith et al., 1993) and people are frequently infected with multiple malaria clones. Feeding mosquitoes ingest malaria gametocytes of different genotypes and consequently the malaria population is relatively outbred. In contrast, in PNG infective bites are rarer , fewer individuals have multiple infections, and selfing levels are much higher.
In both Tanzania and PNG, analyses were conducted on single oocysts from each mosquito gut. The heterozygote deficits observed were assumed to be due to the partitioning of the parasite population into discrete subpopulations within the human and mosquito hosts. To phrase this in terms of inbreeding coefficients (following the notation of Weir & Cockerham, 1984) , the overall inbreeding coefficient (F ) was assumed to equal θ m , the component due to subdivision of the total population into subpopulations within mosquitoes. Micro-and macrogametes were assumed to mix randomly within the mosquito gut, and therefore the component attributable to inbreeding within individual mosquitoes ( f ) was assumed to be zero. However, non-random mating within the mosquito gut could also contribute to overall levels of inbreeding observed. Babiker et al. (1994) have investigated this indirectly by comparing observed oocyst heterozygosity with expectations derived from the distribution of parasite clones in the human host, and concluded that available data were consistent with random mating within mosquitoes. Unfortunately, their approach had little power to discriminate between random and non-random mating since single oocysts were genotyped from individual mosquitoes.
We reanalyse the data set collected by Paul et al. (1995) to investigate mating patterns within mosquitoes. Specifically we investigate levels of heterozygote deficit in the genotypes of oocysts from multiply infected mosquitoes. We show that there are high levels of apparent heterozygote deficit in oocysts within mosquitoes. Consequently, both θ m , the level of heterozygote deficit due to division of the total oocyst population into subpopulations (mosquitoes), and f, inbreeding within mosquitoes, contribute to overall levels of inbreeding (F ) . However, we also show that the deficit of visible heterozygotes within mosquitoes is likely to be an artefact resulting from substantial numbers of non-amplifying alleles at all three loci typed, which result in heterozygotes being misscored as homozygotes. We therefore re-evaluate measures of inbreeding coefficients from this data set.
Materials and methods

(i) Collection of data
The data analysed were collected by Paul et al. (1995) ; here we briefly summarize the methods used. Indoorresting catches of blood-fed mosquitoes of the species Anopheles punctulatus, An. farauti and An. koliensis were carried out for 10 consecutive nights in three coastal and three inland villages in Madang Province in the north coast of PNG. The mosquitoes were then held in cages for 6 days to allow oocysts to develop and then on the seventh day dissected for oocysts. Parasite DNA was extracted and N-terminal regions of MSP-1 and MSP-2 and GLURP were amplified in the polymerase chain reactions (PCR) as described previously (Ranford-Cartwright et al., 1991 ; Paul et al., 1995) . Alleles were defined by polymorphic sequences to which DNA probes hybridized for MSP-1 and -2 and by size for GLURP .
(ii) Estimation of allele and genotype frequencies
To ensure that oocysts of other malaria species, such as Plasmodium i ax, P. malariae and P. o ale were not included in the data set, only oocysts which amplified for at least one of the three loci typed were included. We conducted two analyses. In the first, oocysts which failed to amplify for any particular locus were regarded as experimental error and disregarded. This interpretation of the data is referred to as model 1 from here on. In this case the data at each locus were analysed as a two-allele system. In the second analysis (model 2), non-amplifying oocysts were treated as homozygotes for null alleles (Pemberton et al., 1995) . In this case the data were analysed as a three-allele system (two scoreable alleles and a non-scoreable null allele). For both analyses, maximum likelihood methods were used to estimate allele frequencies and corresponding genotype frequencies under the assumption of random mating, using a multinomial model for the data (see Appendix).
(iii) Measuring goodness-of-fit to random mating within mosquitoes
Goodness-of-fit was judged using likelihood ratio (LR) statistics (see Appendix). The accuracy of asymptotic goodness-of-fit tests is known to suffer when the sample size (the number of oocysts within a mosquito) is small compared with the number of categories (genotypes) (Hirji, 1997) . In this data set many of the mosquitoes contain only a single oocyst, making such an approach inappropriate. We therefore estimated goodness-of-fit P-values empirically by comparing the observed LR statistic for all 34 mosquitoes combined with the distribution of LR statistics obtained from 10' parametric bootstrap realizations of the data. This was done by resampling genotypes from within each of the 34 mosquitoes and recalculating the LR statistics for each of the resampled oocyst populations. Resampling was done by randomly creating diploid genotypes from an oocyst population with allele frequencies as estimated by maximum likelihood. The LR statistics for the 34 oocyst populations were then summed. This procedure was repeated 10' times to give a distribution of simulated LR statistics, which were compared with the LR statistics of the observed data.
(iv) Calculation of inbreeding coefficients
We calculated inbreeding coefficients (Weir & Cockerham, 1984 ; Weir, 1996) for both model 1 (nonamplifying oocysts ignored) and model 2 (nonamplifying oocysts included) of the data. We used a three-level hierarchy. We measured inbreeding within mosquitoes ( f ), inbreeding due to division of the oocyst population into individual mosquitoes (θ m ), and due to geographical location (θ g ) and overall levels of inbreeding (F ) which results from all these individual components. The programme GDA (Lewis & Zaykin, 1997 ) was used to calculate inbreeding coefficients. We calculated confidence intervals by bootstrap resampling of genotypes (for model 1) or alleles (for model 2). For model 1, we regenerated 1000 diploid data sets by resampling diploid genotypes from mosquitoes with the calculated genotype frequencies, while for model 2 we regenerated 1000 data sets by resampling alleles from mosquitoes with the maximum likelihood estimated allele frequencies. F-statistics were then calculated from each of these simulated data sets using GDA and the mean and 95 % confidence intervals of the distribution of values are reported.
Results
The complete data set comprised 118 oocysts from 34 mosquito midguts, each of which amplified for at least one of the three loci. Twenty-two infected mosquitoes were collected from the three coastal villages, while the other 12 were collected from three villages 15-20 km inland . Twenty oocysts failed to amplify for MSP-2, while 19 and 42 failed to amplify for MSP-1 and GLURP respectively. IC1 and FC27 alleles were found at the MSP-2 locus. At MSP-1 three alleles (K1, Mad20 and Ro33) were detected. Ro33 was found only in a single oocyst and was grouped with the K1 allelic class for the analysis. GLURP alleles were arbitrarily divided into ' large ' ( 880 bp) and ' small ' ( 880 bp) allelic groups. The observed distribution of two-allele three-locus oocyst genotypes within the 34 mosquitoes is summarized in Table 1 .
Expected genotype frequencies of the oocysts within each mosquito population are shown in Table 1 for model 1 (non-amplifying oocysts ignored). Goodnessof-fit was measured empirically using parametric bootstrapping of the data (see Section 2). There is a highly significant deficit of heterozygotes for each of the three loci (goodness-of-fit P values l 0n032, 0n002 and 0n001 for MSP-2, MSP-1 and GLURP respectively), which indicates that the data are not consistent with random mating if we assume non-amplifying oocysts are due to experimental error (see Table 3 ). The deficit is clearly observed by inspecting the column totals for each locus in Table 1 . This deficit is mainly attributable to oocysts from just a few mosquitoes at each locus. For example, for MSP-2, mosquitoes 5, 12, 21, 30 and 33 make the largest contribution to the overall LR statistic. Table 2 shows the expected allele and genotype frequencies of oocysts populations within each of the 34 mosquitoes for model 2 in which non-amplifying oocysts are included. Under this model of the data some oocysts which were classified as homozygotes will in fact be heterozygotes for non-amplifying alleles. For all three loci the observed data are consistent with random mating if we assume that non-amplifying alleles are present and responsible for oocysts which fail to amplify (goodness-of-fit P values are 0n999, 0n991 and 0n949 for MSP-2, MSP-1 and GLURP respectively : see Table 3 ). This suggests that nonamplifying alleles may provide a good explanation of the observed data. The close fit of expectations to observed data is clearly observed by inspecting the column totals at the base of Table 2 .
Inbreeding coefficients were estimated for both model 1 and model 2 of the data (Table 4) . For model 1 (non-amplifying oocysts ignored), inbreeding within mosquitoes ( f ) is extremely high, confirming our previous analysis (Tables 1, 3 ). Both f and θ m contribute to the overall inbreeding coefficient (F ) of 0n94. The contribution due to subdivision of the oocysts among mosquitoes (θ m ) is only 0n60. In model 2, f is close to zero, since random mating within mosquitoes is assumed. In this case F, which is approximately equal to θ m , ranges from 0n44 to 0n56 for the three loci (mean 0n48). For both models of the data geographical subdivision (θ g ) makes no significant contribution to the overall heterozygote deficit. Likelihood ratio (LR) statistics describe the fit of the data with Hardy-Weinberg expectations. IC and FC27 alleles at MSP-2 are abbreviated to I and F ; K1 and MAD20 alleles at MSP-1 are abbreviated to K and M ; GLURP alleles are abbreviated to L ( 880 bp) ; and S ( 880 bp) alleles. Mosquitoes containing no amplifying oocysts for a particular locus were excluded from the data set and are marked ' nd '. Totals, summed overall mosquitoes, are shown for each locus. Likelihood ratio (LR) statistics describe the fit of the data to expectations under the assumptions of random mating. Allele name abbreviations are as described in Table 1 , while ' O ' represents a null allele. 
Goodness-of-fit (GOF) P values were estimated empirically for both model 1 (ignoring non-amplifying oocysts) and model 2 (including non-amplifying oocysts) by comparing the observed LR with the distribution of LR statistics obtained from 10' bootstrap realizations of the data. Significant P values are in bold. 
Estimates are based on data in Oocysts are shown as circles in the abdomen of a mosquito, while the lettering within each oocyst denotes the genotype at a locus with two alleles (I and F). In (A) oocytes which fail to amplify have been ignored (model 1 of the data). In this case, it is assumed that both alleles have been amplified from each oocyst and there is a deficit of heterozygotes relative to Hardy-Weinberg expectations. In (B) oocysts that fail to amplify are assumed to be homozygous for a ' null ' allele (k), and many of the other oocysts are heterozygous for the null allele (model 2 of the data). In this case, the observed distribution of genotypes is consistent with Hardy-Weinberg expectations.
Discussion
Significant deficits of heterozygotes were observed in oocyst populations within mosquitoes (Tables 1, 3) . There are two possible explanations for these deficits.
They may result from non-random fertilization of malaria gametes within the mosquito midgut. Alternatively, they may result from experimental artefacts, which result in heterozygotes being scored incorrectly as homozygotes. These alternative explanations for the observed data are illustrated in Fig. 1 . We first discuss possible biological explanations for the observed deficits. We then evaluate the evidence for an artefactual explanation. Finally, we re-evaluate inbreeding coefficients for malaria populations in this region of PNG.
(i) Biological explanations
A variety of biological explanations could explain the deficit of heterozygotes within mosquitoes. Four are provided below : (a) Positi e assortati e mating. If parasites preferentially mate with others of the same clone this would result in heterozygote deficits similar to those observed. Oocysts resulting from genetic crosses between different parasite genotypes have been analysed for P. falciparum (Rosenberg et al., 1992 ; Ranford-Cartwright et al., 1993) and for P. chabaudi (Taylor et al., 1997) . In none of these cases have deviations from expected genotype frequencies been observed. However, laboratory crosses involving a limited selection of ' domesticated ' parasite clones may provide a rather misleading impression of mating patterns in the field situation.
(b) Reduced iability of heterozygotes. Outcrossing depression has been observed in a wide variety of organisms (Waser & Price, 1994 ; Schneller, 1996 ; Schierup & Christiansen, 1996 ; for a review see Templeton, 1994) . Outcrossing may break up favourable gene complexes and reduce fitness in organisms that characteristically have high levels of inbreeding. Laboratory crosses between two different clonal malaria genotypes have revealed genetic hypervariability in telomere-related sequences and chromosome rearrangements in heterologous crosses but not in ' inbred ' crosses (Vernick et al., 1988) . Such genomic instability during meiotic recombination could have significant effects on the survival of outcrossed ookinetes. This could conceivably result in deficits of heterozygous oocysts in the midgut wall. However, the absence of deviations from Hardy-Weinberg expectations in laboratory crosses argues against this.
(c) Unequal de elopment rates of meiotic products. Meiosis results in four meiotic products. These meiotic products divide mitotically to form the sporozooites which fill the oocysts. It is generally assumed that the meiotic products develop and divide at equal rates and are therefore equally represented in the mature oocyst. However, if rates of cell division are unequal, even by a small degree, some meiotic products will be poorly represented in the oocyst. Heterozygous ookinetes could therefore appear to be homozygous when genotyped at the mature oocyst stage, if unequal development rates occur. Once again, the absence of heterozygote deficits in data from laboratory crosses suggests that this explanation is unlikely (Rosenberg et al., 1992 ; Ranford-Cartwright et al., 1993 ; Taylor et al., 1997) .
(d) Multiple feeds. Heterozygote deficits would also be expected if mosquitoes frequently take multiple feeds from different infectious individuals. In this case homozygotes for different alleles might result from blood meals from different people. This explanation is rather unlikely as only 2-3 % of infections are gametocyte-producing at any one time in this region of PNG and only 10% of mosquitoes take multiple blood meals in this region (Burkot et al., 1988 b) . Therefore, it is a reasonable assumption that all the oocysts within a single mosquito result from a single blood meal.
(ii) Artefactual explanations Four lines of evidence suggest that PCR artefacts may provide the most likely explanation for the apparent deficit of heterozygotes within mosquitoes.
(a) When we make the assumption that nonamplifying oocysts are homozygous for null alleles and re-estimate the frequency of oocyst genotypes, we observe a remarkably good fit to the random mating model (Tables 2, 3 ; Fig. 1) .
(b) If this model of the data is correct, then we might expect levels of heterozygote deficit to be higher in mosquitoes containing non-amplifying oocysts than in mosquitoes in which all oocysts amplify. For MSP-2, we can compare the distribution of non-amplifying oocysts and heterozygotes in the data set. Eighteen additional P. falciparum oocysts were found in the six mosquitoes containing heterozygous oocysts and no non-amplifying oocysts were recorded among these. However, among the 94 oocysts typed from 28 mosquitoes in which no heterozygous oocysts were recovered, there were 20 non-amplifying oocysts. The difference is significant (Fisher's exact test (two-tailed) P l 0n0392), suggesting that non-amplifying oocysts and heterozygote deficit are associated. For MSP-1 and GLURP, 2 and 0 heterozygotes respectively were found, so similar comparisons were not possible for these loci (Table 1) .
(c) An artefactual model of the data would also be supported if the loci with the greatest number of nonamplifying oocysts also show the largest heterozygote deficit. In this data set there are 20, 19, and 42 nonamplifying oocysts for MSP-2, MSP-1 and GLURP respectively. Six, two and zero heterozygotes were observed for these three loci, and deficits were highest in GLURP. GLURP has the most oocysts which fail to amplify, as well as fewest heterozygotes, which is once again consistent with an artefactual explanation.
(d) Reanalysis of genotypic data for the same three loci from blood-stage parasites from the same region of PNG (for details and data see Paul et al., 1995 and Paul, 1995) also supports an artefactual explanation. The alleles detected in the blood-stage data were binned in the same way as the oocyst data and the statistical methods of were used to calculate the mean number of clones within individuals for data sets derived from all three loci. These estimates should be similar for all three loci if we assume selective neutrality. However, support intervals for clonal carriage rates estimated from the three loci are non-overlapping in this data set. Assuming a conditional Poisson distribution of clones per person, estimated mean numbers of clones were 1n576 (95 % CI : 1n371, 1n848) for MSP-1, 2n43 (95 % CI : 2n285, 3n122) for MSP-2 and 1n041 (95 % CI : 1n006, 1n131) for GLURP. This contrasts with another data set from Tanzania in which both MSP-1 and MSP-2 data from blood-stage parasites give similar estimates of clonal carriage rates and show good concordance with observed levels of oocyst heterozygosity . The discordance observed between clonal carriage rates estimated for the three loci in the PNG data set suggests either strong selection on some of the loci or, alternatively, considerable differences in the efficiencies of the PCR techniques for each locus. Interestingly, the pattern of non-amplifying loci and mixed infections observed for the three loci in the blood-stage data set closely parallels that observed in the oocyst data set. In the blood-stage data sets GLURP has the highest number of amplification failures (32\134), followed by MSP-1 (16\134) and MSP-2 (4\134), and the highest clonal carriage rates are found in MSP-2, followed by MSP-1 and GLURP. Likewise, in the oocyst data, the highest number of heterozygotes are observed in MSP-2, followed by MSP-1 and GLURP.
Alleles may fail to amplify for a variety of reasons. If alleles contain mutations in the primer sites these may prevent primer annealing and eliminate or reduce the efficiency with which the allele is amplified. Amplification of all three loci discussed here involves a two-stage, nested PCR. Hence, primers must match template at four different primer sites. The relevant regions of MSP-1 and -2 have been sequenced from multiple malaria clones. For MSP-2 no mismatches have been detected in any of the primer sites. However, in MSP-1, a polymorphism (G 4 A) occurs one base from the 3h end of one of the internal primers in some isolates. However, it is not known how alleles bearing this mismatch amplify when competing with wild-type alleles, as may occur in heterozygous oocysts. For GLURP only a single sequence has been published, so it is quite possible that variation occurs in the primer sequences for this locus. Other features of DNA sequences, such as secondary structure and length, may also influence the efficiency of amplification, even when primer sequences are conserved, resulting in loss of alleles from heterozygotes.
The phrase ' allelic dropout ' has recently been coined (Gagneux et al., 1997) , to describe the stochastic loss of one allelic product from heterozygotes. This may occur when template is limiting, such as with amplification from single hairs (Gagneux et al., 1997) . Template DNA prepared from malarial oocysts in this study may also be at limiting concentration. Mosquitoes were kept for 6 days following capture to allow maturation of oocysts. Numbers of sporozoites in mature oocysts vary considerably, ranging from 1359-4445 (Rosenberg & Rungsiwongse, 1991) to just under 10 000 (Pringle, 1965) . Sporozoites are not visible after 6 days, and mitotic division is still occurring at this time. If we assume a constant geometric increase in the numbers of cells per oocyst, a maturation time of 9-10 days (Sinden & Strong, 1978) and 1000-10 000 sporozoites in each mature oocyst (Pringle, 1965 ; Rosenberg & Rungsiwongse, 1991) , then numbers of cells per oocyst at day 6 range from 200 to 600. The DNA prepared from each oocyst were re-eluted in 25 µl and 2 µl used in each PCR reaction. Hence, as few as 16 genome equivalents may have been used as template in each PCR reaction and loss during DNA preparation may reduce this figure still further. Allelic dropout has recently been observed empirically for MSP-1 and -2 in experiments in which different haploid clones were mixed and low template concentrations used for amplification (Marian Bruce, personal communication). If such stochastic errors cause the observed heterozygote deficits, three replicate amplifications per oocyst for each locus should result in 95 % efficiency in recovering the correct genotype (Gagneux et al., 1997) . Unfortunately, insufficient oocyst material was left over to investigate whether further heterozygotes could be recovered using this technique.
In our analysis we have assumed that nonamplifying oocysts are homozygous for null alleles and calculated expected genotypes for a three-allele system (two typeable alleles and one null) for each locus. In the case of ' allelic dropout ', where alleles are lost stochastically rather than due to differences in amplification efficiency, such an analysis is inappropriate. Furthermore, it is not possible to generate explicit predictions about expected heterozygote deficits in this case. However, we might expect allelic dropout to be a problem when template concentrations are low, and the presence of non-amplifying oocysts within mosquitoes is likely to be indicative of this.
(iii) Re-estimation of inbreeding coefficients
The observation of high levels of heterozygote deficit in oocysts within mosquitoes and the suggestion that this results from non-amplifying alleles calls for a reevaluation of inbreeding coefficients for this data set. Estimates of inbreeding coefficients for both models of the data are shown in Table 4 . Paul et al. (1995) calculated overall inbreeding coefficients (F ) to be 0n9. This figure was calculated by resampling single oocysts from each mosquito. We have recalculated inbreeding coefficients using the whole data set, which allows us to evaluate the contribution of heterozygote deficits within mosquitoes to overall inbreeding coefficients. For model 1 (ignoring non-amplifying oocysts), our analysis gives similar values of F to Paul et al. (1995) , and also reveals little evidence for geographical variation (θ g $ 0). However, subdivision of the oocyst population among mosquitoes (θ m ) accounts for only 0n60 of the total reduction in heterozygosity ; the rest results from high levels of inbreeding within mosquitoes ( f l 0n86).
We can also calculate inbreeding coefficients for model 2 (including non-amplifying oocysts) using the maximum likelihood estimates of non-amplifying alleles in Table 2 . In this case mating is assumed to be random within mosquitoes. For this model of the data, F is substantially lower (F l 0n48). This value is almost half that estimated for model 1 and only slightly higher than that observed by Babiker et al. (1994) in Tanzania. The important point here is that even low levels of non-amplifying alleles within the malaria population may severely bias inbreeding coefficients. Until we can eliminate non-amplifying alleles as a cause of heterozygote deficits observed within mosquitoes, this estimate should be viewed as a lower bound for overall levels of inbreeding in this data set. If ' allelic dropout ' rather than null alleles causes the heterozygote deficit then overall inbreeding coefficient (F ) will be somewhat higher. In this case F will be approximate the value of θ m for model 1 (0n60).
It is worth noting that our statistical methods may have underestimated numbers of null alleles in some oocyst populations and therefore our estimates of heterozygosity and outbreeding may be conservative. This may occur as a result of the low numbers of oocysts in many mosquitoes. The problem is that when we have few oocysts per mosquito and all are positive for one allele, then these may be either homozygous or heterozygous for a non-amplifying allele. We have no information to suggest which is correct, but the maximum likelihood estimated genotypes will be exclusively homozygotes.
In conclusion, the data do not provide strong evidence for non-random fertilization of micro-and macro-gametes withihn the mosquito gut. A number of lines of evidence suggest that the observed deficits of heterozygotes are the result of technical limitations of the PCR techniques used, which result in heterozygotes being scored incorrectly as homozygotes. We suggest that that in future work on oocysts genotypes, multiple oocysts per mosquito should be characterized as done by Paul et al. (1995) , since this allows evaluation of all components of inbreeding as well as allowing possible sources of error in the data to be identified. More generally, we urge considerable caution when using PCR techniques to score heterozygosity, particularly in situations when levels of template are limiting.
Appendix. Calculation of likelihood ratio statistics
Likelihood ratio statistics (LR) are calculated as two times the difference between model log likelihoods and ' saturated ' likelihoods. If p and q (where q l 1kp) are allele frequencies at a particular locus which can combine to form three genotypes -A ( p#), B (2pq l 2p(1kp) l 2( pkp#)) and C (q#) -and n is the numbers of oocysts, then the model log likelihood is calculated from the expected genotype frequencies as follows :
Model log likelihood l Ailn ( p#) jCiln (q#) jBiln(2( pkp#)).
The saturated log likelihoods are calculated from the observed genotype frequencies as follows :
Saturated likelihoods l Ailn(A\n) jBiln(B\n)jCiln(C\n).
Hence for the oocyst population in mosquito 1 (see Table 1 ), the model log likelihood is k2n8, the saturated likelihood is k1n4 and the Likelihood ratio is 2(k1n4k(k2n8)) l 2n8. For model 2 (Table 2) we looked at whether the data are consistent with random mating if we include null alleles. In this case oocysts from which only a single allele have been amplified could either be homozygotes, or heterozygotes for a ' null ' allele. Here we have a three-allele system with two alleles at frequency p and q, while r is the frequency of a null allele (so that pjqjr l 1). There are four possible ' phenotypes ' and six genotypes -A ( ppj2pr), B (qqj2qr), C (2pq) or Z (rr) -of which only genotypes C and Z can be unambiguously scored. In this case we estimate the model log likelihood and saturated likelihoods in a similar way to above :
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